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ABSTRACT 
The effect of nonstirred aqueous portland cement solution on the 
corrosion rates of zinc and cadmium metal using Tafel extropolation 
and linear polarization measurements has been investigated. 
Results indicate that for the corrosion systems under investigation, 
zinc metal has a higher corrosion potential and lower corrosion rate 
than cadmium metal. 
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CHAPTER I 
INTRODUCTION 
The most r e l i a b l e  method t o  determine the  e f f e c t  of corrosion on a 
metal i s  t o  expose t he  m e t a l  t o  t h e  environment under i ts se rv ice  
conditions and evaluate  t h e  corrosion by weight-loss measurements. 
But the  most r e l i a b l e  method is  usual ly  t he  slowest and most cos t ly .  
It thus becomes des i rab le  t o  f i nd  an a l t e r n a t i v e  method of obtaining 
ageing da ta  s o  t h a t  t he  results acquired i n  a few minutes can be  used t o  
predic t  t h e  se rv ice  l i f e  i n  years.  
Because corrosion involves t he  des t ruc t ive  a t t a ck  of a m e t a l  by a 
chemical reac t ion  with i ts  environment, electrochemical techniques may 
be used t o  obtain ageing da t a  by measuring t h e  extremely small  vol tage  
and current  changes t h a t  occur over a shor t  period of time. The da t a  
obtained can be  used t o  measure t he  corrosion rate of metals i n  s p e c i f i c  
environments and t he  oxidizing power (i.e., po ten t i a l )  of t he  environment. 
I n  t he  ea r l y  1960ts,  inves t iga to r s  began t o  use these po la r i za t ion  
techniques i n  a va r i e t y  of systems. Polar iza t ion  methods were st imulated 
1 2-4 5 by the publicat ions of S tern  and Weisert , S t e m  , Stern  and Geary , 
6 7 8 S t e m  and Roth , Pourbaix and Vandervelden , and Makrides . 
RESEARCH OBJECTIVE 
The purpose of t he  conducted research w a s  t o  examine t he  varied 
e f f e c t s  of control led a lka l ine  so lu t ions  on t h e  corrosion rate of zinc 
and cadmium m e t a l  using t he  po t en t i o s t a t i c  l i n e a r  po la r i za t ion  and Tafel  
extrapolat ion techniques. 
The r e s u l t s  obtained are t o  be  used t o  determine which of t he  
t e s ted  m e t a l s  are most des i rable  f o r  use as a protec t ive  coating on 
steel reinforcement rods immersed i n  aqueous a lka l i ne  port land cement. 
. , 
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CHAPTER 111 
THEORY 
Fundamentals of P o l a r i z a t i o n  Measurements 
The two main p o l a r i z a t i o n  techniques used i n  measuring t h e  cor ros ion  
process a r e  t h e  T a f e l  Ext rapola t ion  and t h e  Linear  P o l a r i z a t i o n  methods. 
Both methods are used t o  s tudy m e t a l s  which corrode e lec t rochemica l ly  i n  
a conducting so lu t ion .  
Three e l ec t rodes  are normally used f o r  making p o l a r i z a t i o n  
measurements ( f o r  a comparison of t h e  two and t h r e e  e l e c t r o d e  systems, 
10 
see Jones and ~ a n d ~ o ~ a h ~ a ~  nd Townsend ) One i s  c a l l e d  t h e  re ference  
e lec t rode ;  t h e  second, t h e  sample e lec t rode ;  and t h e  t h i r d ,  t h e  power 
e lectrode.  The re ference  e l ec t rode  is  used as an i n v a r i a n t  h a l f - c e l l  
> 
i n  t h e  p o t e n t i a l  measuring c i r c u i t .  The sample e l ec t rode  i s  t h e  e l e c t r o d e  
which undergoes corrosion.  The power e l ec t rode  is  used t o  complete the  
cur ren t  'circuit i n  t h e  e l e c t r o l y t e  under test. 
A s  t h e  m e t a l  undergoes corrosion i n  an e l e c t r o l y t e  i t  produces 
current .  Electrons are f r eed  a t  anodes and flow t o  cathodes. A t  t h e  
cathode su r faces  t h e  e l e c t r o n s  are taken up by e l e c t r o n  acceptors .  
Current continues t o  flow as long as t h e r e  i s  a corroding m e t a l ,  a 
conducting s o l u t i o n ,  and continuous path f o r  cur ren t  flow. 
The e l e c t r o n s  which flow through t h e  metal  between t h e  l o c a l  anodes 
and cathodes c o n s t i t u t e  t h e  corrosion current .  It i s  imprac t i ca l  t o  
i n s e r t  an ammeter i n t o  t h i s  c i r c u i t  and d i r e c t l y  measure t h e  cor ros ion  
cur ren t ,  b u t  i t  i s  poss ib l e  t o  do s o  i n d i r e c t l y  by taking advantage of 
t he  f a c t  t h a t  t h e r e  is  a measurable r e l a t i o n s h i p  between t h e  corrosion 
current  and t h e  e f f e c t  of an e x t e r n a l l y  appl ied cur rent  on t h e  metal 
surface.  This i n d i r e c t  method is  t h e  b a s i s  of t h e  po la r i za t ion  
a 
technique . 
I n  making a p o l a r i z a t i o n  measurement, a source of cu r ren t  is 
$j;~. ,:;!y,i':-,r.: . ? 
connected between the  power e l ec t rode  and t h e  sample e l ec t rode  s o  t h a t  
the  current  flows through t h e  e l e c t r o l y t e  between t h e  two e lec t rodes .  
This cur rent  i s  added t o  t h e  corrosion cur rent  and s l i g h t l y  alters t h e  
corrosion p o t e n t i a l  of t h e  m e t a l  sur face .  The process of a l t e r i n g  t h e  
1 r 
sur face  condi t ions i s  c a l l e d  polar izat ion1 ' ,  and t h e  sample e l ec t rode  
is  s a i d  t o  b e  s l i g h t l y  polar ized .  I n  order  t o  compute t h e  amount of 
a l t e r a t i o n  due t o  the  po la r i z ing  cur rent ,  t h e  sample e l ec t rode  is  
compared t o  t h e  reference e l ec t rode ,  which is  unpolarized and at 
equilibrium. The comparision is  made by measuring t h e  p o t e n t i a l  of t h e  
g-$,yk~$$,&~;q$+:iT$ . . , , . . . ..,e.&%i,$ 2: - 
sample e l ec t rode  versus t h e  re ference  e l ec t rode  during the . ' t ime t h e  
polar iz ing  cu r ren t  i s  flowing between t h e  parer  and sample e lec t rodes .  
I n  electrochemical corrosion,  a high corrosion rate produces a high 
corrosion cur rent ,  while  a low rate produces a s m a l l  cur rent .  Con- * 
sequently,  i t  takes a l a r g e  amount of po la r i z ing  cur rent  t o  alter t h e  
corrosion condi t ions f o r  a high corrosion rate and a smaller amount f o r  
a low corrosion rate. The t o t a l  po la r i z ing  cur rent  which must be 
supplied by t h e  ex te rna l  cu r ren t  source is  l a r g e  f o r  l a r g e  e l ec t rode  
areas  and small  f o r  small  areas. I n  s h o r t ,  t he  amount of po la r i z ing  
current  requi red  is propor t iona l  t o  t h e  amount of a l t e r a t i o n  of 
corrosion condi t ions t o  t h e  su r face  area exposed and t o  t h e  n a t u r a l  
cor ros ion  rate of t h e  sample electrode i n  t h e  p a r t i c u l a r  e l e c t r o l y t e  i n  
11 
which measurements a r e  taken . 
Taf e l  Ex t r apo la t i on  Technique 
The T a f e l  Ex t r apo la t i on  Technique i s  an e f f e c t i v e  e lec t rochemica l  
method f o r  measuring ins tan taneous  co r ros ion  r a t e s  and h a s  been used t o  
12  
v e r i f y  t h e  mixed-potential  theory  developed by Wagner and Traud . 
Ste rn  and   ear^^ have provided a t h e o r e t i c a l  mathematical approach 
which i n d i c a t e s  t h a t  t h e  method i s  fundamental ly sound from an e l e c t r o -  
chemical viewpoint  and i s  s u i t a b l e  f o r  bo th  anodic and ca thod ic  polar-  
1 3  i z a t i o n  measurements . 
A review of t h e  Ta fe l  method h a s  been. ~ r o v i d e d  by many au thors  13-15 
16 -  and i s  based on t h e  T a f e l  equa t ion  
I n  t h i s  equa t ion  q i s  t h e  a c t i v a t i o n  p o l a r i z a t i o n  caused by t h e  slow 
e l e c t r o d e  r e a c t i o n ;  f3 and i a r e  cons tan t s  f o r  a given metal and 
0 
environment and a r e  both  dependent on temperature ;  and i i s  t h e  c u r r e n t  
dens i ty .  The exchange c u r r e n t ,  i r e p r e s e n t s  t h e  c u r r e n t  dens i t y  
0' 
equiva len t  t o  t h e  equa l  forward and r e v e r s e  r e a c t i o n s  a t  t h e  e l e c t r o d e  
a t  equ i l ib r ium.  The l a r g e r  t h e  v a l u e  of i o r  t h e  sma l l e r  t h e  va lue  of 
0 
17 B ,  t h e  sma l l e r  i s  t h e  corresponding overvo l tage  . 
I f  t h e  p o l a r i z a t i o n  vo l t age  i s  p l o t t e d  a g a i n s t  t h e  logar i thm of t h e  
cu r r en t  dens i t y ,  a graph s i m i l a r  t o  Fig .  1 i s  observed. Af t e r  a polar-  
i z a t i o n  of about 50 m i l l i v o l t s ,  e i t h e r  p o s i t i v e  o r  nega t ive ,  bo th  t h e  
-6 -5 
l o g  i ( ~ m ~ s / c m ~ )  
Figure 1 . Example of a T a f e l  plot.  
Overvoltage 
Figure 2 . Example of a linear polarization curve. 
anodic and cathodic curves be-&& s t r a i g h t  l i n e s  i n  accordance with 
Eq. 1. The l i n e a r  por t ion  of t he  p l o t  is  ca l l ed  t he  Tafe l  Region and 
13 the  s lope of the  l i n e  is  ca l l ed  the  Tafe l  Constant . 
The length of t h i s  s t r a igh t - l ine  segment of Tafel  curves can 
vary from e s s e n t i a l l y  nothing t o  th ree  decades. The deviat ion from 
l i n e a r i t y  a t  higher current  dens i t i e s  is  general ly due t o  concentration 
5 
o r  res i s t ance  e f f e c t s  . Since t he  instantaneous corrosion rate 
2 (measured i n  pA/cm ) at t he  corrosion p o t e n t i a l  i s  determined by 
extrapolat ing t h e  Tafe l  l i n e  back t o  E 
c o r r  ' 
experimental e f f o r t s  are 
made t o  maximize the  l i n e a r  behavior. I n  t he  case of concentration 
polar iza t ion ,  s t i r r e d  o r  flowing e l e c t r o l y t e  tends t o  minimize concen- 
18  t r a t i o n  e f f e c t s  . 
Tafel  constants a r e  constants only f o r  a pa r t i cu l a r  system and do 
not  vary widely from one system t o  another. Most systems show pa t o  
vary between 0.06 and 0.12 voltldecade while Bc remains e s s en t i a l l y  
1 3  
constant at 0.12 vol t ldecade . 
There a r e  two main disadvantages wi th  t h e  Tafe l  ex t rapola t ion  
technique. F i r s t ,  a number of hours are required f o r  each test. Second, 
t he  process requires  t h a t  t he  t e s ted  sample be polar ized several hundred 
mi l l i vo l t s .  This extreme polar iza t ion  w i l l  d i s tu rb  and d i s t o r t  t he  
sample e lec t rode  s o  t h a t  t he  same elec t rode  cannot be expected t o  y ie ld  
r e l i a b l e  results 13,18 
To ensure reasonable accuracy of the  Tafe l  method, t he  s lope  should 
extend over a current  range of a t  l e a s t  one logari thmic decade.. 
Furthermore, t h e  method can only be appl ied t o  systems containing one 
reduction process,  s ince  the  Tafel region i s  usual ly d i s t o r t ed  if more 
_.- - 
than one reduct i o n  process occurs. These d i f f  i c u 1 t j . e ~  can be avoided with 
19 the appl ica t ion  of l i n e a r  polar iza t ion  measurements . 
Linear Polar iza t ion  Technique 
The disadvantages of the.  Taf e l  extrapolat ion method can be overcome 
by using t he  l i n e a r  polar iza t ion  technique. This method has provided a 
r e l i a b l e  and simple method f o r  t h e  determination of instantaneous 
5,14 
corrosion r a t e s  
Y . C . - ' . -  z., 7 -  
,- .-:.?I ;- L;+q-.A; 7 - ta.*  ,: 5 
-F7 flaiy successful  applicat ions have been recorded using the  l i n e a r  
polar iza t ion  method. They have included the  study of i nh ib i t o r s  i n  
21 
solution20 and local ized  corrosion . Measurements have been taken i n  
22 23 24 
s o i l s  , i n  nuclear reac tor  environments , i n  food products , i n  sea 
water condenser tubingz5, i n  automotive engine cooling sys ternsz6, and with 
27 
orthopedic implants i n  l i v ing  t i s s u e  . 
The l i n e a r  polar iza t ion  technique is  based on the  theory t ha t  within 
10 t o  20 m i l l i v o l t s  of the  corrosion po ten t i a l ,  small changes i n  the  poten- 
t i a l  of a f r e e l y  corroding electrode have a l i n e a r  re la t ionsh ip  with current  
change and so  is proportional t o  t he  corrosion current  (Fig. 2).  The 
equations which form the  bas i s  of t he  l i n e a r  po la r iza t ion  theory were 
5 derived by Stern  and Geary and is based on t he  following relat ionship:  
2.3 I 
corr  
I n  t h i s  equation AE i s  the  overvoltage of the'corroding e lec t rode  produced 
. AE by the  polar iz ing  current A I ;  - is the  s lope of t he  polar iza t ion  
I A1 
curve (termed "polarizat ion '  resistance") ; and 8- are t he  s lopes 
. c 
of the  anodic and cathodic pc1ZrIzation curves i n  t h e  Tafe l  region; 
and 1 A 1  i s  t he  corrosion current .  The r a t i o  - (termed "polar iza t ion  
cor r  AE 
28 
admittance" by Annand ) is used s ince  t h i s  r a t i o  is d i r e c t l y  proport ional  
18 
t o  t he  corrosion current  as indica ted  below : 
' 9  The theory upon which t he  equations are based assumes t h a t  . 
1. The reac t ion  obeys t he  equations derived from electrochemical 
k ine t i c s  f o r  an act ivat ion-control led process ; 
2. There is only a s i n g l e  electrochemical react ion;  
3. The corrosion po t en t i a l  i s  not  c lose  t o  t he  revers ib le  po t en t i a l s  
of e i t h e r  p a r t i a l  reac t ion ,  s o  t h a t  t he  reverse reac t ions  of each can 
be neglected; 
4. Concentration po la r i za t ion  and ohmic vol tage drops are absent o r  
eliminated; 
5. A uniform current  dens i ty  increases  monotonically with an increase  
i n  current.  
I f  f3 values of 0.12 volt/decade are assumed t o  represent  t h e  average 
of a l l  corrosion systems, then Eq.-3.reduces to: 
A 1  - = I  
AE co r r  1.. 026 
This equation may be  used t o  ca lcu la te  t he  approximate corrosion rate of 
a system without t he  knowledge of its electrode-kinetic parameters. It 
can be applied t o  systems with ac t iva t ion  o r  d i f fus ion  cont ro l led  
(B = a) reduction reac t ions  and y i e ld s  corrosion rates d i f f e r i n g  by no C 
more than a f a c t o r  of t h r ee  from the  ac tua l  r a t e s  1,19 
To obta in  t h e  corrosion -rate i n  meaningful u n i t s ,  t h e  cu r ren t  
density,  I i s  s u b s t i t u t e d  i n t o  t h e  following equation 30.  c o r r  ' 
(. 129) (I ) (gram eq. w t  .) 
c o r r  Corrosion Rate = 
( i n  mpy) (dens i ty  of metal) 
Linear p o l a r i z a t i o n  measurements can be made even though t h e r e  i s  a 
small current  flowing when t h e  e l ec t rodes  a r e  a t  a s . ta r t ing  p o t e n t i a l .  The 
amount of cur rent  t h a t  is  flowing under these  conditions i s  considered t h e  
zero point  and t h e  change of cu r ren t  dens i ty  from t h i s  po in t ,  when t h e  
+' - 9 
voltage is  changed - 10 m i l l i v o l t s ,  is  considered A 1  . 
The l i n e a r  p o l a r i z a t i o n  theory states t h a t  t h e  anodic and cathodic  
slopes a r e  equal. However a number of inves t iga to r s  31-34 have found 
t h a t  t h e  two s lopes  are n o t  equal.  The d i r e c t i o n  (cathodic o r  anodic) 
i n  which t h e  l i n e a r  p o l a r i z a t i o n  should be  run has  not  y e t  been completely 
resolved and genera l ly  no mention i s  made of t h i s  i n  papers discussing 
t h e  technique. The genera l  impression is t h a t  t h e  s lopes should b e  t h e  
18 
same . 
Values for t h e  Tafe l  s lopes  are needed i n  using t h e  l i n e a r  polar-  
i z a t i o n  technique, bu t  if they a r e  unobtainable, they can be estimated.  
I n  the  ASTM subcommittee tests18, a va lue  o f  0.10 f o r  both constants  w a s  
suggested. The e r r o r  w i l l  usua l ly  be about 30% o r  less, as es t ab l i shed  
1 by S t e m  and Weisert . 
The main advantages of t h e  l i n e a r  po la r i za t ion  method are obvious. 
It permits rapid corrosion rate measurements and do.e$,,n~&. because of t h e  
;;,; LYr ~;:~5$?y~,fi,fiG.,:? :A: , ,: .#?>#; .+*s 
s m a l l  po la r i za t ion  involved, d i s t u r b  t h e  corrosion system. It may be  used 
t o  measure very low corrosion rates and can be used on s t r u c t u r e s  which 
cannot be subjected t o  weight-loss tests 19,35 . 
CHAPTER IV 
LABORATORY APPARATUS 
Special equipment w a s  required in order t o  conduct polarization 
experiments. Instrumentation included the acquisition of  a potentiostat, 
potentiometer, electrometer, d i g i t a l  multimeter, and construction of a 
polarization c e l l ,  e lectrode holders,  and e lectrodes .  The important 
character is t ics  of these instruments are described and discussed in 
36 Greene's handbook on electrode k ine t i c s ,  
Polar iza t ion Cell 
The polar iza t ion c e l l  described within and illustrated in Fig. 3 
36 is based on a design by Greene . Many laboratories use homemade 
polarizat ion cells18 and t h i s  simple design was utilized because of its 
low construction cos t  and its a b i l i t y  to  be used in electrochemical 
studies involving an alkaline media. 
The constructed polar iza t ion cell was essentially a modified glass 
jar. The top of the j ar' s metal l i d  was removed and replaced w i t h  a 
p l a s t i c  disk. Five symmetrical holes w e r e  d r i l l e d  throu* the plastic 
disk and the elec t rode assembly was inserted  through the holes in the 
disk by means of a 373 rubber stopper. 
Sample electrodes were attached to a 4-40 threaded rod *- a 
p l a s t i c  holder and a neoprene compression gasket. Attachment was 
accompltshed by drilling and tapping the sample electrode so that the 
4-40 mounting rod made electrical contact w i t h  the electrode. Mbnnting 

was accomplished by compresshg- t h e  electrode agains t  t h e  gasket by 
means of an upper nu t  and washer assembly. Suf f i c ien t  compression was 
applied t o  cause deformation of t he  gasket between t he  sample e lec t rode  
and p l a s t i c  holder  t o  prevent e l e c t ro ly t e  leakage. The e a s i l y  assembled 
compress ion gasket mounting technique is a versatile e lec t rode  mounting 
procedure when properly assembled and has been used i n  a v a r i e t y  of 
specimen assemblies 36-42 . 
The cell  atmosphere w a s  control led by a system of gas i n l e t  and 
ou t l e t  tubes i n se r t ed  through #3 rubber stoppers. I f  hydrogen gas w a s  
used, it w a s  admitted continuously through the  i n l e t  tube and dispersed 
throughout t he  e l e c t r o l y t e  by means of a f r i t t e d  g lass  cyl inder .  I f  gas 
was not  used, t h e  gas i n l e t  tube w a s  replaced with a rubber stopper. The 
ou t l e t  tube w a s  used continuously and vented d i r e c t l y  i n t o  an exhaust 
fan. 
Auxiliary Electrodes 
Two e lec t rodes  were constructed f o r  use in the  a lka l i ne  e lec t ro ly te .  
A mercury-mercuric oxide e lec t rode  w a s  used as the  reference e lec t rode  
and a- platinum e lec t rode  *as the power electrode. 
Mercury-Mercuric Oxide Electrode. This e lec t rode  was chosen because 
of i ts advantages of having a highly reproducible stan-dard s t a t e . , f o r ,  the  
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metal l ic  phase and complete freedom from any d is turbing e f f e c t s  due t o  
var iable  valency of oxide. This rugged and w e l l  behaved e lec t rode  w a s  
unlikely t o  d i s t u rb  t h e  pH and w a s  confined t o  a lka l ine  solut ions.  
NO spec i a l  precaut ions,  except those needed t o  secure components of 
43 
reasonable pur i ty ,  w e r e  needed i n  constructing t h i s  e lec t rode  . 

Platinum Electrode, A platinum elec t rode  was used because of its 
a n 
-_ __---  - 




Two electrodes were constructed t o  undergo experimentation: z inc  and 
cadmium metal. Each m e t a l  was melted and poured i n t o  a graphite  mold and 
upon cooling, was machined, d r i l l e d ,  and then tapped f o r  inse r t ion  onto 
the electrode holders.  Before immersion i n t o  t he  polar iza t ion  c e l l ,  each 
sample electrode underwent f i n e  grinding and polishing t o  remove any 
corrosion products b u i l t  up during t he  test. This was followed by an 
etching consist ing of d i l u t e  HC1 and n i t r i c  acid.  After  r ins ing  i n  
d i s t i l l e d  water, t he  electrodes were placed i n  t he  polar iza t ion  c e l l .  
Zinc. Zinc was chosen a s  a test m e t a l  because it is one of the major 
metals used i n  combating corrosion due t o  i ts  a b i l i t y  t o  galvanical ly protec t  
s t e e l  and other  metals. It has good res i s t ance  t o  a t t ack  by corrosive 
atmospheres, na tu ra l  waters,  and sea  water. 
The r e l a t i on  of impuri t ies ,  c r y s t a l  or ienta t ion ,  and ph ( ~ i g .  5-8) on 
zinc t o  corrosion behavior has been observed i n  some environments and l a rge  
differences i n  behavior i n  one environment have disappeared completely 
i n  another. There is a general  f ee l ing ,  however, t ha t  the  corrosion 
res is tance  of a metal increases with increasing pur i ty  17,29,44-48,58 . 
Cadmium. Cadmium was used because, l i k e  zinc, it is 
used a s  a protect ive coating. It is less r e s i s t a n t  t o  t o m  
and i ndus t r i a l  atmospheres than zinc. It is ph dependent 
(Fig. 9-11) and is  considerably more r e s i s t a n t  t o  sea 
a )  Zinc 
Table 1 





* received from the Fisher Scientific Company ; all 
percentages i n  w t .  % . 
Figure 5 . Potential-pH equilibrium diagram for the system 
zinc-water at 25 *C [581. 
Figure 6 . Potential-pwdiagram Figure 7 .  For solutions 
for the system zinc-water free containing C02 1 54 . 
from do2 at  25 OC [58]. 
Corr. 1 1000 g/dm2. doy I 1 1 
800 - 4 - 800 
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Figure 8 . Influence of pH on 
the corrosion rate of zinc [58]. 
Figure 9. Potential-pH equilibrium diagram for the system 
cadmium-water at 25 OC [581* 
Figure 1Q. Theoretical conditions 
of corrosion, immunity, and 
passivation of cadmium at 25' OC [58]. 
Figure 11 . Influence of pH on 
the corrosion rate of cadmium [58]. 
water. I n  aqueous media cadmi.um; unl ike zinc, resists a t t ack  by 
and s t rong  a l k a l i  solut ions.  T h i s  i s  due t o  the  formation of a 
, . - , 2 . ' - , '  
.:. -.I -... 
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, .1 . 
protective f i lm  of corrosion products, which unlike zinc,  do not  form ;-,;,+,+:7 .;?: 3 ;$>'f,;j: ; i., ;.; 
4.l. 
soluble compounds with a l k a l i s  17,49,58 
Cadmium is  q u i t e  s imi la r  t o  z inc  i n  i t s  behavior as a corrosion 
r e s i s t an t  p ro tec t ive  coating; however, severa l  noteworthy differences 
depending on t h e  pa r t i cu l a r  environment have been reported 18,50,51 . The 
protection cadmium affords s t e e l s  and other  materials  more noble than 
i t s e l f  depends on i t s  s a c r i f i c i a l  behavior 47,52,53,59 . . 
Portland Cement 
The majori ty of t he  e l ec t ro ly t e s  w e r e  composed of high a lka l ine  
> (pH - 12.0) port land cement. The high a l k a l i n i t y  was due t o  t he  
presence of calcium hydroxide and could be reduced by the  addi t ion  of 
chlorides and by t h e  d i f fus ion of carbon dioxide and sulphur dioxide 
gas through t h e  solut ion.  
There a r e  over 30 d i f f e r en t  r a w  mater ia ls  used i n  the  production of 
portland cement wi th  each mater ia l  having about f i v e  main oxide 
compositions. The r a w  mater ia ls  comprising portland cement are divided 
54 in to  four  components: lime, s i l i c a ,  alumina, and i ron  . 
Reinforced concrete, based on portland cement, w i l l  resist corrosion 
of the steel reinforcement under normal service  conditions,  provided t h a t  
the concrete i s  of low permeability and the  steel t o  concrete i n t e r f ace  is 
f ree  from voids and d i scon t inu i t i e s .  When a s t r uc tu r e  is exposed t o  an 
aggressive environment, concrete w i l l  not  provide adequate protect ion and 
55 the s t e e l  reinforcement w i l l  corrode . 
Electricd- Equipment 
Because the polarization measurements were electrical in nature, 
precision electronic instruments had to be acquired and calibrated 
correctly. To eliminate drift, all electrical equipment was left running 
continuously during the investigation. 
~otentiostat / :Galvanostat .  The ~otentiostat/Galvanostat is a fast 
rise, high current instrument capable of maintaining a constant voltage 
across, or a constant current through, an electrochemical cell under a 
variety of conditions. It featured control by means of an internal 
control potential source as well as by an external control potential 
applied to two front panel inputs. 
A buffer "electrometer" was attached to minimize loading on high 
impedance reference electrodes. 
The instrument was designed to control either the current through or 
the potential across the polarization cell. 
Electrometer. An electrometer is an electronic voltmeter with an 
extremely high impedance. It was used to measure the voltage between 
the sample and reference electrodes. 
Potentiometer. A potentiometer is an accurate voltage source.used 
to program the potentiostat when polarizing the. sample electrode during. 
linear polarization experiments. 
Digital Multimeter. A digital multimeter is essentially a circuit 
analyzer and was used to measure the potential difference between the 
sample and reference electrodes. 
Figure 12. Schematic drawing of laboratory apparatus. 
Potentiostat/Galvanostat Digital Multimeter 
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Since experimental procedure influences polar iza t ion  character- 
i s  t i c s  56,57 , it was necessary t o  conform t o  a r i g i d  procedure concerning 
system preparat ion and data  recording t o  obtain reproducible r e su l t s .  . 
System Preparat ion 
C e l l s .  The polar iza t ion  c e l l  and i ts  components w e r e  cleaned i n  
d i lu ted  H C l  and r insed i n  d i s t i l l e d  water a f t e r  each experiment t o  
remove any fore ign residue. 
Elec t ro ly tes .  Four d i f f e r en t  types of aqueous sa tura ted  solut ions 
were produced using calcium hydroxide o r  portland cement. Depending 
on t he  metal undergoing polar iza t ion ,  e i t h e r  zinc o r  cadmium ion (pM) 
was added t o  t h e  solut ion.  Unless otherwise s t a t ed ,  t he  pH of a l l  
solut ions var ied  from 12.0 t o  12.50, Cement so lu t ions  varied from 
1 t o  3 weeks i n  age. Solutions were used only once and then permanently 
removed from the  system. 
Calcium Hydroxide Solution. Saturated Ca solut ion  was 
prepared with boi led d i s t i l l e d  water and stored i n  Pyrex g lass  containers.  
Since oxygen contr ibutes  one more redox system t o  the  da ta  analysis ,  it 
\ 
was removed by purging continuously f o r  24 hours with hydrogen. 
Deaerated Cement Solution. Deaerated cement so lu t ion  was prepared 
from d i s t i l l e d  water and portland cement. The solu t ion  was constantly 
s t i r r e d  f o r  over 24 hours, purged with hydr.ogen gas,  and s tored  i n  a 
Pyrex g l a s s  container.  
: Aerated Cement Solution, Aerated cement so lu t ion  w a s  prepared i n  - & l , ; ; :  
i 8 . -  I - 
1 
t he  same manner a s  t h a t  of the  deaerated so lu t ion ,  It w a s  then aerated 
continuously with oxygen gas f o r  over 24 hours and s tored  i n  a 
polyethylene container.  
Aerated C1- Cement Solution. Aerated C1- cement so lu t ion  was 
prepared and s tored  i n  the  same manner as t h a t  of the  aerated cement 
so lu t ion  with the  exception of an addi t ion  of 0.325 wt-% C1- ions.  
Data Recording 
Before the  po t en t i o s t a t i c  polar iza t ion  technique w a s  applied the  
polar iza t ion  c e l l  assembly w a s  connected i n t o  the  e lec t ron ic  component 
system and l e f t  t o  equ i l ib ra te  f o r  24 hours. 
The l i n e a r  polar iza t ion  technique w a s  applied anodically and then 
cathodical ly a t  a  r a t e  of 0.20 m i l l i v o l t s  per  25 seconds f o r  f 5.0 
m i l l i v o l t s .  
Af ter  completion of the  l i n e a r  polar iza t ion  method, the  system w a s  
allowed t o  equ i l i b r a t e  f o r  24 hours before undergoing the  Tafel extro- 
pola t ion  technique. 
The Tafe l  extrapolat ion method w a s  applied i n  the  same manner as the  
l i n e a r  po la r iza t ion  method a t  a  r a t e  of 20 m i l l i v o l t s  per 25 seconds f o r  
+ 
- 500 m i l l i v o l t s .  
Constant s t i r r i n g  w a s  applied continuously f o r  the  z inc  immersed 
i n  calcium hydroxide and in te rmi t t en t ly  f o r  the  zinc i n  deaerated cement 
so lu t ion .  The data  was recorded manually. 
CHAPTER 771 
TEST CONDITIONS 
The experimental tests were conducted under careful ly  controlled 
laboratory conditions i n  order t o  predict  corrosion behavior under 
roughly s imilar  circumstances. The r e s u l t s  from these shor t  term 
electrochemical corrosion tests do not represent o r  reproduce ac tua l  
service conditions and therefore the  conclusions based upon the  
experimental data  are only qua l i t a t ive  and approximate. 
Among the  t e s t i n g  parameters under control were aera t ion time 
(24 hours), equi l ibra t ion time (24 hours), test duration, temperature 
(25'~) , veloci ty ,  and pressure of the gas above the  e lect rolytes .  
CHAPTER VII 
TEST RESULTS AND DISCUSSION 
The results of t h e  completed t e s t s  on the  forementioned corrosion 
systems a r e  shown i n  Flg ,  13 through 24 and a r e  summarized i n  Table 2. 
Zinc i n  Calcium Hydroxide Solution 
The r e s u l t s  of t h e  Tafe l  p l o t  of z inc  immersed i n  s t i r r e d ,  deaerated 
calcium hydroxide so lu t ion  a r e  shown i n  Fig. 13. The corrosion po ten t i a l  
CEcorr ) was found t o  be -1.170 S.H,E. vo l t s .  A s lope  of 0.025 v o l t s /  
decade w a s  observed i n  t h e  anodic region of the  curve between 2.0 x 10 -3 
2 
and 8.0 x low3 Amps/cm . A cathodic s lope  of 0.02 volts/decade was  
-5 2 
not iced between 3 x 10 and 2 x loo4 Amps/cm . Passivat ion i n  the  anodic 
region occurred a t  a va lue  of +I40 mV from the  corrosion p o t e n t i a l  w h i l e  
cathodic pass iva t ion  was observed -90 mV from E and these  passivation 
co r r  
regions are i n  agreement with t h e  3' and 4' l i n e s  on Fig. 5, i . e . ,  
- 
Zn02 and Zn(0H ) formation. ' 2 
The l i n e a r  po la r i za t ion  p l o t  showed an average s lope of 833.33 
2 1.1A/volt-cm . A corrosion rate of 2.36 mpy was obtained with a maximum 
r a t e  of 5.02 mpy occurring i n  a few samples. 
Zinc i n  Deaerated Cement Solution 
The p o l a r i z a t i o n  p l o t s  of z inc i n  nonst i r red cement so lu t ion  a r e  
shown i n  Fig. 15 and 16. This system showed t h e  most unstable  conditions 
of any cement system undergoing t e s t ing .  It can be seen from t h e  Tafel  
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a corros ion  p o t e n t i a l  of -1.02-S.H.E. v o l t s ,  pass iva t ion  takes  p lace  
r ap id ly  i n  t h e  anodic region.  Before pass iva t ion  an average s lope  of 
0.04 vol ts /decade was obtained. Pass iva t ion  i n  t h e  cathodic region d id  
not  take  p lace  as rap id ly ,  obtaining an average s lope  of 0.04 between 
2 2.5 x loo5 and 9 + 0  x lom4 Amps/cm . 
2 The l i n e a r  p o l a r i z a t i o n  curve ind ica te s  a s lope  of 350 pA/volt-w , 
corresponding t o  a corrosion rate of 1.80 mpy. 
Zinc i n  Aereated Cement Solut ion 
A corrosion p o t e n t i a l  of -0.650 S.H,E. v o l t s  was observed f o r  
z inc  i n  nons t i r r ed  aerea ted  cement so lu t ion .  Anodic l i n e a r i t y  i n  the  
Tafe l  region w a s  not iced over 1.50 decades of cur rent  dens i ty  wi th  a 
s lope  of 0.06 volts/decade.  A range of curvature  w a s  observed i n  
t h e  cathodic  region. A s lope  of 0.270 vol ts /decade w a s  obtained 
2 between 1.0 x and 2.0 x Amps/cm . Passivat ion i n  the  anodic 
region began a t  -0,40 S.H.E. v o l t s  whi le  no pass iva t ion  w a s  no t iced  i n  
the  cathodic  region. 
The e f f e c t s  of t h e  l i n e a r  p o l a r i z a t i o n  technique a r e  shown in 
2 Fig. 18. A s lope  of 5.0 pA/volt-cm w a s  obtained corresponding t o  a 
corrosion r a t e  of 0.063 mpy. 
Zinc i n  Aerated ~ 1 -  Cement Solut ion 
The e f f e c t s  of t h e  add i t ion  of 0.325 w t .  % ~ 1 -  on z inc  i n  non- 
s t i r r e d  ae ra ted  cement s o l u t i o n  can be seen i n  Fig. 19 and 20. With a 
corrosion p o t e n t i a l  of -0.710 S.H.E. v o l t s ,  an anodic s lope  of 0.60 
2 
volts /decade w a s  obtained between 5 -50 x and 8.0 x Amps/cm . 
Potentiostatic 
20 mv each 25 sec 
-6 -5 
Log Current  D e n s i t y  (amps/cm2) 





The cathodic cunre showed l i n e a r i t y  f o r  over 1.50 decades of current  
densi ty.  A s lope  of 0.10 was obtained through t h i s  l i n e a r  region. 
1 
There was no indica t ion  of passivat ion i n  e i t h e r  region f o r  f 300 mV 
. 
. 
from the  corrosion po ten t i a l .  
The l i n e a r  polar iza t ion  p lo t  reveals  an average s lope of 23.077 
2 pA/volt-cm . The corrosion was calculated t o  be 0.54 mpy. 
Cadmium i n  Aerated Cement Solutlon 
The r e s u l t s  of t he  Tafe l  p lo t  of cadmium immersed i n  nonst i r red  
aera ted  cement so lu t ion  a r e  shown i n  Fig, 21. The equilibrium corrosion 
po t en t i a l  was -0.560 S.H.E. vo l t s .  About +lo0 mV from E the  anodic 
cor r  
curve exhibi ted a one decade of measurement l i n e a r i t y  i n  accordance with 
t he  Tafel  equation. The cathodic curve was l i n e a r  f o r  1.5 decades of 
measurement but d id  not exh ib i t  Tafel  behavior., Tafel  s lopes were 
found t o  be f3 = 0.770 and 6 = 0.080. There was no indica t ion  of 
a c 
pass ivat ion  i n  the  anodic region f o r  over +600 mV from E 
co r r  
and i n  the  
cathodic region f o r  over -100mV. 
The l i n e a r  po la r iza t ion  r e s u l t s  produce an average s lope  of 17.86 
2 pA/volt-cm wi th  a corrosion r a t e  of 0.472 mpy. 
Cadmium i n  Aerated ~ 1 -  Cement Solution 
The e f f e c t s  of t he  addi t ion  of 0.325 w t  .% ~ 1 -  on cadmium i n  
. ?  
nonst i r red  aerated cement so lu t ion  a r e  shown i n  Fig. 23 and 24. The 
corrosion po t en t i a l  was observed a t  -0.260 SoHoEo vo l t s .  The anodic 
s lope  of 0.64 voltldecade was l i n e a r  from 9.0 x log7 t o  1.40 x log6 
2 
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CHAPTER YIII 
CONCLUSIONS 
1. The experimental d a t a  r evea l s  t h a t  t h e  corrosion p o t e n t i a l ,  E 
cor r  ' 
and t h e  corrosion r a t e  a r e  higher  i n  the  homogeneous calcium hydroxide 
s o l u t i o n  than i n  the  heterogeneous cement so lu t ion .  This i s  probably 
due t o  t h e  presence of s i l i c a t e s  i n  the. cement (phosphates a r e  -known 
i n h i b i t o r s  and s i l i c a t e s  l ikewise  f  o m  inso luable  compounds) . 
2. A v a r i a t i o n  i n  t h e  v e l o c i t y  of t h e  e l e c t r o l y t e  was s tudied  only 
on z i n c  immersed i n  deaerated cement so lu t ion .  The d i f fe rences  noted 
were t h a t  E i n  the  s t i r r e d  s o l u t i o n  was lower than t h a t  i n  t h e  
c o r r  
unst i . r red so lu t ion  and t h a t  t h e  s t i r r e d  s o l u t i o n  was more uns tab le  than 
t h e  u n s t i r r e d  so lu t ion .  
3.  The Tafe l  curves of t h e  corrosion systems under study d id  not  
e x h i b i t  "pure" Tafe l  equation behavior and it  was not  poss ib le  t o  
c a l c u l a t e  the  corrosion r a t e s  s o l e l y  on the  b a s i s  of these  curves. 
4. The major i ty  of t h e  laboratory corrosion r a t e s  are i n  agreement 
wi th in  a f a c t o r  of t h r e e  wi th '  ,assumed corrosion - ra tesW(Ba = B . c = 
0.12 vol t ldecade)  . 
5. There was no ind ica t ion  t h a t  the  sample e l ec t rode  area  o r  the  age 
of t h e  s a t u r a t e d  cement had any e f f e c t  on t h e  corrosion r a t e s .  
The add i t ion  of ~ 1 -  i n  aera ted  cement had t h e  e f f e c t  of increas ing  
E and t h e  corrosion r a t e  i n  z inc  while lowering E and increasing 
c o r r  co r r  
the  cor ros ion  r a t e  i n  cadmium. 
CHAPTER 
The s t a b i l i t y  of the  uns t i r r ed  cement systems ind ica te  t h a t  more 
research should be undertaken a s  t o  i t s  e f f e c t  upon corrosion r a t e .  
The l i n e a r  polar iza t ion  technique might be applied d i r e c t l y  t o  
s tee1 reinforcement rods encased i n  curing concrete. With automat ion  
of t h i s  technique, the  corrosion r a t e  could be recorded a s  a funct ion 
of time, 
The e f f e c t  of the  addit ion of i nh ib i t o r s  on cement should be 
undertaken. 
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